Using the vesicular stomatitis virus (VSV) pseudotype system, we studied the functional properties of the Ebola virus glycoprotein (GP). Amino acid substitutions at the GP cleavage site, which reduce glycoprotein cleavability and viral infectivity in some viruses, did not appreciably change the infectivity of VSV pseudotyped with GP. Likewise, removal of two acylated cysteine residues in the transmembrane region of GP showed no discernible effects on infectivity. Although most filoviruses are believed to target endothelial cells and hepatocytes preferentially, the GP-carrying VSV showed greater affinity for epithelial cells than for either of these cell types, indicating that Ebola virus GP does not necessarily have strong tropism toward endothelial cells and hepatocytes. Finally, when it was used to screen for neutralizing antibodies against Ebola virus GP, the VSV pseudotype system allowed us to detect strain-specific neutralizing activity that was inhibited by secretory GP (SGP). This finding provides evidence of shared neutralizing epitopes on GP and SGP molecules and indicates the potential of SGP to serve as a decoy for neutralizing antibodies.
Ebola virus, a filamentous, enveloped, negative-strand RNA virus in the family Filoviridae, causes severe hemorrhagic fever in humans and nonhuman primates (16) . The fourth gene from the 3Ј end of its nonsegmented genome encodes two glycoproteins: the nonstructural secretory glycoprotein (SGP), which is secreted from infected cells and is the primary product of the gene (16) , and the envelope glycoprotein (GP), which is responsible for cell binding and penetration of the virus. The latter is expressed by transcriptional editing, resulting in the addition of an extra adenosine within a stretch of seven adenosines in the coding region of GP (19, 25) . These glycoproteins have different proclivities for cell surface molecules. While SGP is reported to bind to neutrophils via the Fc␥ receptor and to inhibit early neutrophil activation (30) , GP is thought to contribute to the tissue tropism of Ebola virus, since a murine retroviral vector pseudotyped with Ebola virus GP more efficiently infected endothelial cells, the major targets of filoviruses (4, 16, 18, 20) , than other cell types tested (30) . However, the test panel used to establish this tropism did not include primate epithelial cells such as Vero cells, which are commonly used to propagate Ebola viruses.
For many enveloped viruses, cleavage activation of membrane glycoproteins by proteolytic enzymes is a prerequisite for fusion between the viral envelope and the cellular membrane, leading to virus entry into host cells. For some viruses, including the avian influenza and Newcastle disease viruses, the increased cleavability of surface glycoproteins by furin and other ubiquitous proprotein convertases is an important determinant of virulence (12) . The Ebola virus GP also undergoes posttranslational proteolytic cleavage by furin into GP1 and GP2, which are covalently linked by disulfide bonds (26) . Murine leukemia virus pseudotyped with a mutant GP lacking cleavage sites for furin recognition still efficiently mediated virus entry (29) , suggesting that such cleavage is not essential for the membrane fusion activity of the GP. This observation questions the need for Ebola virus GP cleavage in viral infectivity, an issue warranting further study in a different experimental system, since viral glycoprotein cleavage is essential for some viruses (12) .
Acylation is another posttranslational modification of viral glycoproteins. Fatty acids, mainly palmitic acids, are bound either as oxyesters to serine or threonine or via thioester linkages to cysteine residues of viral glycoproteins (23) . The role of this modification depends on the viral proteins. While acylation appears to be involved in particle formation, including virus assembly and budding in influenza and Sindbis viruses (6, 11, 33) , G protein function in vesicular stomatitis virus (VSV) is not affected without this modification (27) . Although the GP of Marburg virus, another member of the filovirus group, is acylated (5), the contribution of this modification to filovirus GP function is unknown.
A pseudotype system of VSV that can be used to study the function of the Ebola virus GP without biosafety level 4 containment was previously developed (21) . It relies on a recombinant VSV that contains the green fluorescent protein instead of the G protein gene and thus is not infectious unless a receptor binding and fusion protein is provided in trans. The infectivity of this recombinant VSV is efficiently complemented with Ebola virus GP. Using this system, we recently identified a conserved hydrophobic region at positions 524 to 539 as a fusion peptide (10) . Here, we used this system to investigate the biological significance of the GP's proteolytic cleavage and acylation, as well as its cell tropism. We also tested the value of our VSV pseudotype system to screen for neutralizing antibodies against Ebola virus.
Proteolytic processing. To determine the contribution of GP cleavage to the infectivity of Ebola virus, we first generated four mutant GPs with amino acid substitutions at the multibasic amino acid region (RRTRR at positions 497 to 501, an optimal motif for the proprotein convertase furin) (Fig. 1A ).
Both uncleaved GP and a cleaved product, GP1, were detected for all mutant GPs, while uncleaved GP was not found with wild-type GP (Fig. 1B, upper panel) . A cleavage product, GP2, was detected in all mutant GP preparations (though in much lower amounts than in preparations of wild-type GP), even in that of a mutant lacking the furin recognition site (i.e., R497A-R498G-R500A-R501A) (Fig. 1B, lower panel) . Immunoblotting analysis confirmed the presence of GP2 in virions with the mutant (Fig. 1C) . Thus, our results support the notion that Ebola virus GP may be cleaved by proteases other than furin. We next determined the infectivity of VSVs pseudotyped with these GPs in 293 cells ( Table 1 ). The titers of the viruses with the mutant GPs were not appreciably different from that of the virus carrying the wild-type GP, indicating a lack of correlation between cleavage efficiency and virus infectivity. These results are consistent with the observation of Wool-Lewis and Bates (29) using a retrovirus pseudotype system. Thus, in two different pseudotype systems, the extent of Ebola virus GP cleavage by furin does not correlate with the level of viral infectivity conferred by this glycoprotein, suggesting that cleavage activation may not be required for Ebola virus GP function. There are precedents for viral glycoproteins able to promote infection without furin-mediated cleavage activation: the spike protein of mouse hepatitis virus (2, 8) , Sindbis virus E2 (17) , and murine leukemia virus envelope glycoprotein (32) . Reverse genetics would allow one to determine whether cleavage activation is indeed dispensable in GP function and whether it is involved in either cell-to-cell fusion activity or viral pathogenicity, as shown for the mouse hepatitis virus (1, 7) and Sindbis virus (17) , or whether a limited extent of cleaved GP molecules in virions is sufficient to confer infectivity to virions.
Acylation. Marburg virus GP is posttranslationally acylated with palmitic acids at the Cys 671 and Cys 673 residues in the transmembrane anchor region of the molecule (5). Since the two cysteine residues are conserved among all filoviruses ( Fig.  2A) , we examined the role of these cysteine residues in Ebola GP acylation. Three mutant GPs, with a C-to-A alteration at position 670 (C670A) or position 672 (C672A) or both (C670A-C672A), were generated ( Fig. 2A) (13, 14) , and transfected into 293T cells, and VSVs pseudotyped with Ebola virus GP were generated as described previously (21) . The viruses labeled with [
35 S]methionine were partially purified by centrifugation through 25% sucrose, and viral proteins were separated by sodium dodecyl sulfate-polyacrylamide (8 or 12%) gel electrophoresis (SDS-PAGE). Percentages of GP cleavage are indicated at the bottom of each lane. Lane 1, VSV complemented with wild-type GP; lanes 2, 3, 4, and 5, VSV complemented with mutant GPs R498A, R498A-R500T, R497A-R498A-R500T, and R497A-R498G-R500A-R501A, respectively. (C) Detection of GP2 in VSV virions by immunoblotting. To detect GP2, we generated wild-type and mutant GPs with a C-terminal FLAG tag. VSVs pseudotyped with these GPs were partially purified, and proteins were separated by SDS-12% PAGE under reducing conditions and subjected to immunoblotting using anti-FLAG monoclonal antibodies. Lane 1, VSV complemented with wild-type GP; lanes 2, 3, 4, and 5, VSV complemented with mutant GPs R498A, R498A-R500T, R497A-R498A-R500T, and R497A-R498G-R500A-R501A, respectively. terations affect GP function, we produced VSVs pseudotyped with each of these mutant GPs. There were no discernible differences in infectivities among the GP mutant VSVs compared with that of the wild-type GP virus ( Table 2 ), suggesting that acylation is not required for Ebola virus GP functions and that the Ebola virus GP is acylated through a "default" mechanism by acyltransferases in eukaryotic cells, as was demonstrated for the VSV G protein (27) .
Is cell tropism controlled by the GP? Filoviruses infect endothelial cells and hepatocytes both in vivo and in vitro (4, 16, 18, 20) . The destruction of these cells by virus infection is thought to explain the hemorrhagic manifestations characteristic of filovirus infections (20) . A previous study suggested that the GP contributes to such cell tropism because a GPpseudotyped retrovirus infects endothelial cells more effi- susceptible to viral infection than were human kidney epithelial cells (approximately 100-and 1,000-fold-lower infectivities than those seen with the 293 and Vero cell lines, respectively). We cannot attribute this difference to the inability of VSV to replicate in these cells, as VSV carrying the VSV G protein (VSV⌬G*-VSVG) replicated nearly as well in endothelial cells as in kidney cells. A human liver cell line, HepG2, was also less susceptible than 293 cells to VSV pseudotyped with Ebola GPs. These data indicate that endothelial cells and hepatocytes are not necessarily the preferred targets of Ebola virus GP, and further, the tissue tropism of Ebola virus may not be determined by the receptor preference of the GP.
Recently, it was shown that expression of the GP, but not the other proteins of Ebola virus, induced cytotoxic effects in endothelial cells (31) . Cell rounding and detachment were also observed in human epithelial cells expressing GP (3, 22) . Thus, disruption of cell functions by GP may be involved in Ebola virus pathogenesis, although our results suggest that the tissue tropism of this virus is not solely determined by this protein.
Detection of virus-neutralizing antibodies. Although it is still unclear whether or not neutralizing antibodies can be produced in animals infected with Ebola virus (9, 15) , it was shown that antiserum to Zaire GP and SGP reduced the infectivity of a murine retrovirus pseudotyped with the Zaire GP (28) . Here, we tested whether our Ebola virus GP-pseudotyped VSV can be used to detect subtype-specific neutralizing antibodies. As shown in Fig. 3A , serum against Zaire GP/SGP neutralized the infectivity of VSV with Zaire GP but not with Reston GP, providing evidence for subtype-specific neutralizing epitopes on Ebola virus GP molecules. Moreover, the neutralizing activity was markedly reduced in the presence of Zaire SGP but not Reston SGP (Fig. 3B) . Since GP and SGP appear to bind to distinct cell surface molecules (30) , this neutralization-inhibition effect does not seem to reflect competition between these glycoproteins toward cell surface molecules. The results suggest that GP and SGP share neutralizing epitopes, most of which are distinct among different subtypes; they also suggest that SGP may serve as a decoy for adsorbing neutralizing antibodies. The VSV pseudotype system described here has many potential research applications besides the study of the specific amino acid residues involved in GP function. It could be used, for example, to identify the cell surface molecule required for Ebola virus entry into cells. Because VSV can replicate in a wide variety of cells (i.e., cell tropism of the pseudotyped virus is likely to be controlled only by GP), our system would also be advantageous for identifying Ebola virus receptors. Finally, it might serve as a rapid screen for anti-Ebola neutralizing antibodies or drugs that inhibit GP function. 
